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VWXGLHGWKHEHQHILFLDOXVHRIVLQJOHOD\HURIJHRFHOOUHLQIRUFHPHQWKDYHDOVREHHQKLJKOLJKWHGLQWKHFRQVWUXFWLRQRI
HPEDQNPHQWVRYHUVRIWVRLOHJ0RJKDGGDV7DIUHVKLDQG'DZVRQ=KDQJHWDO&KHQHWDO
*HRV\QWKHWLFLQFOXVLRQVZRXOGEHPRVWHIIHFWLYHLIXVHGLQWKH]RQHVLJQLILFDQWO\VWUHVVHGE\WKHORDGLQJVXUIDFHD
GHSWKRIRUZLGWKGLDPHWHUVEHQHDWKWKHIRRWLQJWLUHZKHHO7KHKHLJKWVRIFRPPHUFLDOO\SURGXFHGJHRFHOOVDUH
XVXDOO\VWDQGDUGDQGPDQXIDFWXUHUVSURGXFHWKHPDWKHLJKWVOHVVWKDQPPDYDLODEOHFHOOGHSWKVLQ(XURSHDQG
WKH86$DQGDOVRXVLQJDVLQJOHWKLFNOD\HURIJHRFHOOEHQHDWKWKHWLUHZKHHOIRRWLQJZRXOGOLNHO\PDNHFRPSDFWLRQ
RIFHOOILOOH[WUHPHO\GLIILFXOW 7KDNXUHWDO+HQFH WKHXVHRIVHYHUDO OD\HUVRIJHRFHOO KHUH WZRJHRFHOO
OD\HUVHDFKZLWKDWKLFNQHVVRIPPDQGZLWKYHUWLFDOVSDFLQJEHWZHHQVXFFHVVLYHOD\HUVRIJHRFHOOFRXOGEHD
EHQHILFLDOPHDQVRIUHLQIRUFLQJWKHVRLOEHQHDWKDORDGLQJVXUIDFH
0DWHULDOV
7KH VRLO XVHG LQ WKH WHVWLQJ SURJUDP LV D JUDQXODU VRLOZLWK JUDLQ VL]HV EHWZHHQ  DQG PP DQG D VSHFLILF
JUDYLW\RI,WKDVDFRHIILFLHQWRIXQLIRUPLW\RIFRHIILFLHQWRIFXUYDWXUHRIDQHIIHFWLYHJUDLQVL]HRI
 PP DQG PHDQ JUDLQ VL]H RI  WKDW LV FODVVLILHG DV ³6:´ LQ WKH XQLILHG VRLO FODVVLILFDWLRQ V\VWHP 7KH
PD[LPXPDQGPLQLPXPYRLG UDWLR emax DQGemin RI WKH VDQGZHUHREWDLQHG DV DQG UHVSHFWLYHO\7KH
PD[LPXPGU\GHQVLW\ZDVDERXWN1PZKLFKFRUUHVSRQGV WRDQRSWLPXPPRLVWXUHFRQWHQWRI7KH
JHRFHOO XVHG ZHUH PDGH RI D W\SH RI D QRQZRYHQ SRO\PHULF JHRWH[WLOH VHH0RJKDGGDV 7DIUHVKL DQG 'DZVRQ
IRUJHRWH[WLOHSURSHUWLHVDQGKDVWKHSRFNHWVL]HDQGKHLJKWRIîPPDQGPPUHVSHFWLYHO\,Q
WKHWHVWLQJSURJUDPWKHUDWLRRIJHRFHOOSRFNHWVL]Hd=110 mmWRGLDPHWHURIORDGLQJSODWHD=300 PPLVWKXV
d/D 
7HVWVHWXSWHVWSDUDPHWHUVDQGWHVWLQJSURJUDP

7R LQYHVWLJDWH WKHSHUIRUPDQFH LPSURYHPHQWE\ OD\HUVRIJHRFHOO DQH[SHULPHQWDOSURJUDPZDVFRQGXFWHG LQDQ
RXWGRRU WHVW SLW 7KH WHVW SLWPHDVXULQJPPî PP LQSODQ DQG PP LQ GHSWKZDV H[FDYDWHG LQ
QDWXUDOJURXQG7KHF\FOLFORDGXVLQJDK\GUDXOLFMDFNZDVDSSOLHGRQDVWHHOULJLGFLUFXODUSODWHRIPPGLDPHWHU
DQGPPLQWKLFNQHVV7KHVFKHPDWLFFURVVVHFWLRQRIWKHWHVWVHWXSLVVKRZQLQ)LJ
7RPHDVXUHWKHVHWWOHPHQWRIWKHORDGLQJSODWHWKUHHOLQHDUGLDOJDXJHVZLWKDQDFFXUDF\RIRIIXOOUDQJH
PPZHUHXVHGWKHYHUWLFDOVWUHVVLQVLGHWKHIRXQGDWLRQEHGZDVPHDVXUHGZLWKWZRVRLOSUHVVXUHFHOOVDEEUHYLDWHG
WR63&PPGLDPHWHUZLWKDQDFFXUDF\RIRIIXOOUDQJHRIN3D7KHWRSVRLOSUHVVXUHFHOO³763&´
DQGWKHERWWRPVRLOSUHVVXUHFHOO³%63&´DUHORFDWHGDWPPDQGPPEHQHDWKWKHFHQWUHRIWKHORDGLQJ
SODWH

)LJ6FKHPDWLFFURVVVHFWLRQRIWKHWHVWVHWXSQRWWRVFDOH³763&´DQG³%63&´
LQGLFDWHWKHORFDWLRQRIWZRVRLOSUHVVXUHFHOOV

,QRUGHUWRFRPSDFWWKHOD\HUVRIIRXQGDWLRQEHGDZDONEHKLQGYLEUDWLQJSODWHFRPSDFWRUPPLQZLGWKZDV
XVHG7RDFKLHYHWKHUHTXLUHGGHQVLW\RIN1PIRUWKHXQUHLQIRUFHGOD\HUVDQGRIN1PIRUWKHJHRFHOO
UHLQIRUFHG OD\HUV WKH FRPSDFWRU ZDV XVHG ZLWK WZR DQG WKUHH SDVVHV UHVSHFWLYHO\. 7KHVH GHQVLW\ YDOXHV ZHUH
PHDVXUHGLQWKHWKUHHFRQHWHVWV7KHGHWDLOVRIDOOWKHWHVWVHULHVGRQHLQWKLVVWXG\DUHJLYHQLQ7DEOH
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,QWKLVWDEOHWKHZLGWKRIWKHJHRFHOOOD\HUVbWKHGHSWKWRWKHWRSRIWKHILUVWJHRFHOOOD\HUEHORZWKHIRRWLQJu
DQGWKHYHUWLFDOVSDFLQJEHWZHHQWKHJHRFHOO OD\HUVDUHH[SUHVVHGLQQRQGLPHQVLRQDOIRUPZLWKUHVSHFWWRIRRWLQJ
GLDPHWHUD=300 mmDVb/D, u/DDQGh/DZKHUHDVWKHKHLJKWRIJHRFHOOOD\HUVhgLVH[SUHVVHGLQGLPHQVLRQDO
IRUPHTXDOWRPP7KHSDUDPHWHURIb/DZDVKHOGFRQVWDQWLQDOOWKHWHVWVDWb/D 0RJKDGGDV7DIUHVKLDQG
'DZVRQ7KHUHLQIRUFHGWHVWVZHUHFRQGXFWHGZLWKRQHDQGWZRJHRFHOOOD\HUVN
7RVLPXODWH WKHHIIHFWRIZKHHO ORDGLQJXQORDGLQJDQGUHORDGLQJ WKHPD[LPXPDSSOLHGSUHVVXUHRIN3DZDV
FKRVHQ WR UHSOLFDWH WKDWRIDKHDY\YHKLFOHKDOID[OHZLWK³6XSHU6LQJOH´ WLUHDVXVHGRQDFRPPRQKHDY\ WUDLOHU
%ULWRHWDO,Q7HVW6HULHVDQGWKHSUHVVXUHRIN3DZDVGLYLGHGLQWRWZRVWDJHVEHLQJDQG
N3DDQGWKHQIRUHDFKVWDJHILIWHHQORDGLQJDQGXQORDGLQJF\FOHVZHUHDSSOLHG

7DEOH6FKHPHRIWKHF\FOLFSODWHORDGWHVWVIRUXQUHLQIRUFHGDQGJHRFHOOUHLQIRUFHGV\VWHP
7HVW
VHULHV
7\SHRIWHVW 1 X' K' 1RRIWHVWV 3XUSRVHRIWKHWHVWV
 8QUHLQIRUFHG    

7RTXDQWLI\WKH
LPSURYHPHQWVGXHWR
UHLQIRUFHPHQWV

*HRFHOOUHLQIRUFHG

   

7RDUULYHDWWKHRSWLPXPYDOXHVRI
X'DQGK'DQG
  

 

     7R LQYHVWLJDWH WKH HIIHFW RI WKH
QXPEHURIJHRFHOOOD\HUV
*The tests which were performed two or three times to verify the repeatability of the test data  
 (with maximum differences in results of around 8-10%) 
**in order to save time, only one load cycle of 150, 300, 400, 600 kPa pressure were applied.
5HVXOWVDQGGLVFXVVLRQV
4.1. The optimum value of the depth of the first layer of geocell layer (u/D ratio) 

9DULDWLRQRIWRWDOVHWWOHPHQWDQGUHVLGXDOSODVWLFVHWWOHPHQWDWWKHHQGRIORDGF\FOHZLWKu/D UDWLRIRUDVLQJOHOD\HU
RIJHRFHOOUHLQIRUFHPHQWN LVVKRZQLQ)LJ

 
D E
)LJ9DULDWLRQRIWRWDOVHWWOHPHQWDQGUHVLGXDOSODVWLFVHWWOHPHQW. ZLWKu/DUDWLRDWGLIIHUHQWDPSOLWXGHVRIF\FOLFORDG
DWRWDOVHWWOHPHQWE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7KHILJXUHVKRZVWKHWRWDODQGUHVLGXDOVHWWOHPHQWVRIWKHJHRFHOOUHLQIRUFHGEHGLQLWLDOO\GHFUHDVHZKLOHu/DUDWLR
LQFUHDVHV IURP WRDERXWEXW WKDW WKHUHDIWHUZLWK LQFUHDVH LQ WKHu/D UDWLR WKHLUYDOXHV LQFUHDVHDJDLQ7KH
SUREDEOH UHDVRQ LV WKDW WKH FRQILQHPHQW SURYLGHG E\ WKH VRLO DERYH WKH JHRFHOO OD\HU KHOSV WR GHYHORS IULFWLRQDO
UHVLVWDQFH EHWZHHQ WKH JHRFHOO DQG WKH VRLO 6LPLODU ILQGLQJV XQGHU PRQRWRQLF ORDGLQJ KDYH EHHQ UHSRUWHG E\
6LWKDUDPDQG6LUHHVK$VWKHYDOXHRIu/DLQFUHDVHVEH\RQGWKHJHRFHOOOD\HUPRYHVWREHRXWRIWKH
]RQHZKHUHLWFDQPRVWVXFFHVVIXOO\LQWHUUXSWWKHDSSOLHGVWUHVVKHQFHWKHVHWWOHPHQWYDOXHVLQFUHDVH)RUH[DPSOH
IURP)LJEDWN3DDPSOLWXGHRI DSSOLHG ORDG WKH UHVLGXDO VHWWOHPHQWYDOXHV s/D DUH DERXW
DQGIRUu/DHTXDOWRDQGUHVSHFWLYHO\
4.2. The optimum value of the vertical spacing of the geocell layers (h/D ratio) 

9DULDWLRQ RI WKH WRWDO VHWWOHPHQW DQG UHVLGXDO SODVWLF VHWWOHPHQW RI WKH ORDGLQJ SODWHZLWK YHUWLFDO VSDFLQJ RI WKH
JHRFHOO OD\HUVh/D UDWLRIRUWZROD\HUVRIJHRFHOONg DWGLIIHUHQWDPSOLWXGHVRIF\FOLFORDG 
N3D LV VKRZQ LQ)LJ 7HVW6HULHV)URP WKLV ILJXUH LW FDQEH VHHQ WKDW UHJDUGOHVVRI WKH DPSOLWXGHRI
F\FOLFORDGWKHWRWDOVHWWOHPHQWDQGUHVLGXDOSODVWLFVHWWOHPHQWDUHPLQLPL]HGZKHQWKHh/D UDWLRLVDSSUR[LPDWHO\ 
)RUH[DPSOHIURP)LJDDWN3DDPSOLWXGHRIDSSOLHGORDGWKHWRWDOVHWWOHPHQWYDOXHVDUHDERXW
DQGPPIRUh/DHTXDOWRDQGUHVSHFWLYHO\7KHUHGXFWLRQLQWKH
VHWWOHPHQWDWh/D RIPD\EHDWWULEXWHGWRWKHEHKDYLRURIWKHVRLOOD\HUEHWZHHQWKHILUVWDQGWKHVHFRQGOD\HUVRI
JHRFHOO <RRQ HW DO  XVLQJ VWDWLF SODWH ORDGLQJ WHVW UHSRUWHG WKDW WKH HIIHFWLYH SODFHPHQW RI µ7LUHFHOO¶
UHLQIRUFHPHQWZDVEHVWDWDYHUWLFDOVSDFLQJRIUHLQIRUFHPHQWOD\HUVRIWLPHVWKHSODWHGLDPHWHU


ED
)LJ9DULDWLRQRIWRWDOVHWWOHPHQWDQGUHVLGXDOSODVWLFVHWWOHPHQW. ZLWKh/DUDWLRDWGLIIHUHQWDPSOLWXGHVRIF\FOLFORDGDWRWDOVHWWOH
PHQWESODVWLFUHVLGXDOVHWWOHPHQW
 
4.3. The effect of the number of geocell layers on the settlement of loading plate  

9DULDWLRQRIDSSOLHGF\FOLFORDGZLWKVHWWOHPHQWRIORDGLQJSODWHIRUXQUHLQIRUFHGDQGJHRFHOOUHLQIRUFHGLQVWDOODWLRQV
LV VKRZQ LQ)LJ D$V VHHQ LQ WKLV ILJXUH IRU ERWK WKH XQUHLQIRUFHG DQG JHRFHOO UHLQIRUFHGEDVHV Ng   DQ
LQLWLDOUDSLGWRWDODQGUDSLGUHVLGXDOSODVWLFVHWWOHPHQWVGXULQJWKHILUVW ORDGDSSOLFDWLRQVLVIROORZHGE\VHFRQGDU\
VHWWOHPHQW DW WKHQH[W F\FOLF ORDG F\FOHV WKDW GHYHORSV DW D VORZHU UDWH%RWK WKH WRWDO SHDN DQG UHVLGXDOSODVWLF
VHWWOHPHQWV FDXVHG E\ WKH ILUVW F\FOH RI DSSOLHG ORDG LV D ODUJH SRUWLRQ RI WKH ILQDO VHWWOHPHQW DIWHU DOO F\FOHV ,Q
DGGLWLRQ)LJVKRZVWKDWWKHUDWHRIFKDQJHRIERWKSHDNDQGWKHUHVLGXDOVHWWOHPHQWVRIWKHORDGHGVXUIDFHUHGXFHV
DV WKHQXPEHURI ORDGF\FOHVLQFUHDVHVVRWKDW WKHLUUHVSRQVHKDVEHFRPHDSSUR[LPDWHO\VWDEOHDIWHUILIWHHQORDG
F\FOHVRIERWKDQGN3DDSSOLHGORDGSDUWLFXODUO\IRUWKHUHLQIRUFHGEDVHVZLWKWZROD\HUVRIJHRFHOO
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7KH YDULDWLRQV RI WKH WRWDO DQG SODVWLF UHVLGXDO VHWWOHPHQWV ZLWK WKH QXPEHU RI JHRFHOO OD\HUV 1 DW ORDG F\FOH
QXPEHURIDQGIRUWKHDSSOLHGF\FOLFORDGOHYHORIN3DDUHVKRZQLQ)LJE,WFDQEHVHHQWKDWWKH
VHWWOHPHQWVGHFUHDVHZLWKLQFUHDVHLQWKHQXPEHURIWKHJHRFHOOOD\HUVGXHWRLQFUHDVHWKHVWLIIQHVVRIWKHUHLQIRUFHG
EDVHV FRPSDUHG WR WKH XQUHLQIRUFHG EDVH 7KH VLJQLILFDQW REVHUYHG LPSURYHPHQWV LQ SHUIRUPDQFH RI WKH PXOWL
OD\HUHGJHRFHOOUHLQIRUFHGEHGFRPSDUHGWRWKDWRIWKHXQUHLQIRUFHGEHGPLJKWEHDWWULEXWHGWRWKUHHGLPHQVLRQDO
LQWHUDFWLRQEHWZHHQWKHLQILOOPDWHULDOVDQGWKHFHOOXODUVWUXFWXUHZKLFKVSUHDGVWKHDSSOLHGORDGRYHUDQH[WHQGHG
DUHDLQVWHDGRIGLUHFWO\DWWKHSRLQWRIFRQWDFWDQGSURYLGHVDFRPSRVLWHVODEZLWKKLJKIOH[XUDOVWLIIQHVVDQGORDG
VXSSRUWFDSDELOLWLHVZLWKLQWKHJHRFHOOUHLQIRUFHPHQW7KDNXUHWDO0RJKDGGDV7DIUHVKLDQG'DZVRQ
9HUWLFDOVWUHVVGLVSHUVLRQHIIHFWZKLFKDWWHQXDWHVWKHYHUWLFDODSSOLHGVWUHVVLQWKHVRLOSHUKDSVEHFDXVHLWLVDEOHWR
SURYLGHDQDQFKRUDJHHIIHFWRQERWKVLGHVRIWKHORDGHGVRLO=KRXDQG:HQ=KDQJHWDO

ED
)LJ9DULDWLRQRIDDSSOLHGF\FOLFORDGZLWKVHWWOHPHQWRIORDGLQJSODWHEWRWDODQGUHVLGXDOSODVWLFVHWWOHPHQWV. ZLWKWKHQXPEHURI
JHRFHOOOD\HUV
4.4. The pressure distribution inside the foundation bed 
)LJLOOXVWUDWHVWKHYDULDWLRQRISUHVVXUHLQVLGHWKHIRXQGDWLRQEHGDWWZRGHSWKVRIPP³763&´DQG
PP ³% 63&´ ZLWK WKH QXPEHU RI ORDG F\FOHV 7KLV ILJXUH VKRZV DQ LPPHGLDWH ODUJH LQFUHDVH LQ WKH YHUWLFDO
SUHVVXUHVZKHQWKHILUVWF\FOHRIORDGLQJLVDSSOLHGDQGWKHQDIXUWKHUVPDOOHULQFUHDVHRYHUWKHQH[WF\FOHVRI
ORDGLQJ WKHUHDIWHU VWDELOL]LQJ WR D FRQVWDQW YDOXH 7KH ILJXUH DOVR GHPRQVWUDWHV WKH SHUIRUPDQFH RI JHRFHOO
UHLQIRUFHPHQWDVDQWLFLSDWHGLQUHGXFLQJWKHSUHVVXUHWUDQVIHUUHGWKURXJKWKHIRXQGDWLRQEHG)RUH[DPSOHXQGHU
WKHDSSOLHGF\FOLFSUHVVXUHRIN3DDWWKHHQGRIWKHORDGF\FOHVWKHVWUHVVPHDVXUHGDWPPGHSWK³%63&´
LV DERXW    N3D IRU WKH IRXQGDWLRQVZLWK ]HUR RQH DQG WZR OD\HUV RI JHRFHOO UHVSHFWLYHO\
&RQVLGHULQJERWK WKHVHWWOHPHQWVDQGSUHVVXUHUHVSRQVHV LWDSSHDUV WKDWFHOOSRFNHWVWUXFWXUHRI WKHJHRFHOO OD\HU
SUHYHQWV WKH HQFDVHG VRLO IURP HDVLO\PRYLQJ DZD\ IURP WKH SRLQW RI ORDG DSSOLFDWLRQ7KHUHE\ WKH LQILOO FDQQRW
HDVLO\ VSUHDG ODWHUDOO\ KHQFH WKH VKHDU VWUHQJWK RI WKH FRPSRVLWH V\VWHP LV LQFUHDVHG 0RJKDGGDV 7DIUHVKL DQG
'DZVRQ7KDNXUHWDO
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)LJ9DULDWLRQRIWUDQVIHUUHGSUHVVXUHZLWKQXPEHURIORDGF\FOHVDWGHSWKVRIPP³763&´DQGPP³%63&´LQWKH
JHRFHOOUHLQIRUFHGDQGXQUHLQIRUFHGIRXQGDWLRQV

6XPPDU\DQGFRQFOXVLRQ
%DVHGRQWKHUHVXOWVREWDLQHGWKHIROORZLQJFRQFOXVLRQVFDQEHPDGH
 %RWK WKH RSWLPXP GHSWK RI WKH WRSPRVW OD\HU RI JHRFHOO EHQHDWK WKH ORDGLQJ VXUIDFH DQG WKH RSWLPXP
YHUWLFDOVSDFLQJRIJHRFHOOOD\HUVVKRXOGEHDSSUR[LPDWHO\WLPHVORDGLQJSODWHGLDPHWHUu/D§h/D§
,QVWDOODWLRQRIWKHJHRFHOOOD\HUVLQWKHIRXQGDWLRQEHGGHFUHDVHVWKHDFFXPXODWHGSODVWLFDQGWRWDOVHWWOHPHQW
RI WKH SDYHPHQW IRXQGDWLRQ GXH LQ SDUW WR EHWWHU ORDG VSUHDGLQJ RI WKH FRPSRVLWH V\VWHP DQG WR EHWWHU HQHUJ\
DEVRUEDQFHSURSHUWLHVRIJHRFHOO
8QGHUF\FOLFORDGLQJXVHRIWKHJHRFHOOOD\HUVKDVVLJQLILFDQWHIIHFWLQUHGXFLQJWKHVWUHVVGLVWULEXWHGGRZQ
LQWRWKHIRXQGDWLRQ8QGHUWKHODVWF\FOHRIORDGLQJDWN3DWKHSUHVVXUHDWDGHSWKRIPPLVUHGXFHGDERXW
 DQG  IRU WKH UHLQIRUFHG EDVHV UHVSHFWLYHO\ ZLWK RQH DQG WZR OD\HUV RI JHRFHOO FRPSDUHG WR WKH
XQUHLQIRUFHGEDVH
$FNQRZOHGJHPHQWV
7KH DXWKRUV DSSUHFLDWH DOO WKH DERYH VXSSRUW 7KH UHVHDUFK DOVR LQFOXGHV UHVXOWV FUHDWHG XVLQJ WKH ,QVWLWXWLRQDO
6XSSRUWRIWKH8QLYHUVLW\RI:HVW%RKHPLD7KH,QVWLWXWLRQDO6XSSRUWLVVXEVLGL]HGE\WKH0LQLVWU\RI(GXFDWLRQ
<RXWKDQG6SRUWVIURPWKHUHVRXUFHVRIWKHVWDWHEXGJHWRIWKH&]HFK5HSXEOLF
5HIHUHQFHV
 %ULWR /$7 'DZVRQ $5 .ROLVRMD 3-  $QDO\WLFDO HYDOXDWLRQ RI XQERXQG JUDQXODU OD\HUV LQ UHJDUG WR SHUPDQHQW
GHIRUPDWLRQ ,Q 3URFHHGLQJV RI WKH WK ,QWHUQDWLRQDO RQ WKH %HDULQJ &DSDFLW\ RI 5RDGV 5DLOZD\V DQG $LUILHOGV %&5$¶
&KDPSDLJQ,/86$SS
 &KHQ5++XDQJ<:+XDQJ)&&RQILQHPHQWHIIHFWRIJHRFHOOVRQVDQGVDPSOHVXQGHUWULD[LDOFRPSUHVVLRQ*HRWH[WLOHV
DQG*HRPHPEUDQHV
 'DVK 6. 5DMDJRSDO . .ULVKQDVZDP\ 15  %HKDYLRXU RI JHRFHOO UHLQIRUFHG VDQG EHGV XQGHU VWULS ORDGLQJ &DQDGLDQ
*HRWHFKQLFDO-RXUQDO±
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